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i} (Position, Navigation and Timing, PNT) R4 A EE & LR, HH 2% )iz i 2 i
1738 (Distant retrograde orbit, DRO) fii T- H BRA¥-Viin, LA WAT, HigahiuH
I, BfmERIER e, LR ERA H BR R UF I E SR8 7, R R R & H H 25 1]
BEUR RS BRAS (ARG . /NT R R BB 5 AR TR RO TR, R AR R K
HhH FHLRG AR UE B,

H AT, 2% ] S AR T b i I 4% DX X R 25 R A8 B AT RE % L (Precise Or-
bit Determination, POD), 3 EHH TR F LA HHIES — S P B (Unified
S-Band, USB) Ml EH A, KEEINE AR LLEAKILL T (Very Long Base Interferome-
try, VLBI) M&P!, MGk =57 s, MEMBSRT 2 S/X MM, 35 E DL R iR
J& (European Space Agency, ESA) M 3= BAK#iiA 2% (Deep Space Network, DSN)[,
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AR EEME ;SR TR A ER AR I S5 5h . JCHAER X FRE, i T Hh B EE PR ), A
PASZELA BRI S0 nt, SEONERE 12 .

b 2020 EH E H EFFHIAC PR SFHRSA (Beidou Navigation Satellite Sys-
tem, BDS) 5EMAERAMIE, DURAIEER (Inter-Satellite Link, ISL) A E R FE 4%
HOR, B HARME, SR E AT RIEERS, SRR R SRS ELE RS
(Global Navigation Satellite System, GNSS) FlHb H 2= [AI i K #3 k5 % g S0 H 2 &k e
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LT B ) 1 = A i) 30 [ T PR ) % =44 ] /@ (Ciircular Restricted Three-Body Prob-
lem, CR3BP) M—FFHRER. 12 r = [z, y,2]" WEA P MM THAFERE (P #
Py) A FLUCAE UL e A ER R R AR, WA —4k CR3BP K3 )% 75 fE I KR
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Hep, p= /€ 4+ 02+ (2. FFER, Jacobi WL C W AARH:

C=3—u?r (7)
Sty T2l Jacobi BEUEINOBIAHEL, HAREANI,
) ) .
D=3¢ -4 (@i + ) (8)

R Hill J5F2 ] AR5 5 B & i CR3BP BISE . Hdr, f REIE TR )
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MUE DRO #UiB# %,

&£ 1 Hill 5P f RMERHHE"
Table 1 Initial values of f-family orbit for Hill equation

DRO T &

[16]

DRO-0 4.0 -0.20421
DRO-1 2.0 -0.32163
DRO-2 1.0 -0.43991
DRO-3 0.5 -0.53182

2.2 WS KE DRO #EEZR
Hill 77242 p — 0 B RREIRE S, R 1R RPIMELE CR3BP 3 1227 F2 R IEA
SE4H AL DRO FUBUES) J1 24 IE . NFRSAE CR3BP 3h /1% 7 FE R4 DRO HliEsh
FIHEFERBUIE, ASCER 1R, R0 SOEES FUBYME BT T 2
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Fig.1 Trajectory of searched DROs in the Earth-Moon synodic coordinate system
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Fig.2 Trajectory of DROs in the Earth-Moon synodic coordinate system from 1st January 2020 to 1st
April 2020

M 2T LUE 2, fE 3 NMUA NI, % DRO PUEHBEfRHFREE M BLEM 1Y,
VEHZ R BTELE KA T 55 b B AU & D)

3 LEO-#tBDRO%&INMNE X EH

RATK E S BCRS T A FR AR R (A RE . O R R B2 TR) ) PE A% 74 K L B S s ) K]
HIRE 5B, LR A 2 b LEO-Hs I DRO 45\ FIFE 2 ] 9 5R 1 2 52 4 f1)
PR 7V S T AT AT o

3.1 BiIZEEMEE

wmE 3R, HIEE AT n WA EE B kK$ES, TE B T n B
55, FFa@ i xF iy (Al fE 22 SR B ) M BE AR, BN A2 A EE (One-Way Ranging,
OWR).
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3 BRRE MR

Fig.3 Inter-satellite one-way ranging mode
% OWR MMMELE BCRS Nrrg 5t

pr2=(m2—11) ¢
=[lre(t2) — ra(ta)ll+
(0tar — Otpa) - ¢+ (Atgs — Atar) - e+
(DEs" — DR™) - e+ ARip + €1z

(19)

Hrep, 7 fllm 58 TE A MTE B WIER, XM /%E (Barycentric Dy-
namical Time, TDB) 73514 t; fl to; ||re(t2) — ra(ty)|| A EE A MITE B ZAI{E
BCRS FHJLFIEER: ¢ NOAERZHHIEE: D Ml Disy 70l PR A MITE B
PIREPEAEIR s ARy ZMINEHR B IES, WA OMEIE. BB EE IEFE &
HELE; epp NMFIRZE; Stag M Sty AN TE A 1E ¢, NZIFTE B 1E ¢, B &I
SRR RN T BN RN B 22 O SCRIFRAX R BN 22D, WRRJy TR JEI 5 AR R i
MZER. MERTE i, HAE ¢ B2 TR 585N 1 2Z 7T 5 h8:

Oti; = tij — Tij (20)

Atay M Atgy 7059 PR A AL ¢ IZIM TR B 7E to, NZIRYBEER 2, TH K
ZHARIL. WERTAE i, HAE t; N2z 5 R,

Atij = Q;0 + ail(tj — tiO) + aig(tj — ti0>2 (21)

/ﬂ\:q:', ;0 j\j%“llﬁ, (075} j\j!ﬁFfﬁ, ;2 ﬁ%¢{?’ tio IEIIEEE ) #@@%*%E@%@}ﬁﬁ]o

3.2 LEO-i#: B DRO4sFA 52 £ 1808

5% LEO-# HDRO T AEZwBA, THAES i KA X AZ N ER A, B LEO
DRO Z [ B R IEFIBO 77 (55, FREC OWR, MM, il i el SO0 St 0 B2 A0 3
F7RAN, 1BEIXCAFEEAIPEE (Dual One-Way Ranging, DOWR), WIE 4f17R.
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B4 SCFRMEERL

Fig.4 Inter-satellite dual one-way ranging mode

WIEE 4, ZEREAHKAN: LEO PAE A F r WZIKRHES, DRO LE B T n
2080, Y EATWA; fE)S DRO P& B & E dT J5 T 75 = o +dT W ZIK
SHES, LEO TR A F o WZIHlE], widh FATWM. JERF, #% LEO-#HDRO
BN DOWR 7E BCRS Fr[#Epn A2

pr2+pa=(To—T1+74—13) C
=(ry—m —dT)-c
=llre(t2) = ra(t)ll + [[ra(ts) — re(ts)|| +
(0tps — Otpa) - ¢+ (dtar — Otag) - ¢+ (22)
(AtBQ — Ath) -C+ (AtA4 — AtAl) - c+
(DEs" — D) - e + (DT — DY) -+
ARy3 + ARsy + 12 + 34

Hep, 7 Ml A LEO TEMERS, HXFR TDB B ZI558 ¢ Al ty; m Al N
DRO PAEMJER, HXTS TDB B 2153514 to A tz; AT N b NAT UM [H] ] o

(22)20FE TRER I A BR A EENE, 2 dT = 0 B, RICABRR 4 K 00U 2 7]
MEE; 4 dT £0 B, B2 DOWR M, 7EiZE0F dT MELEED 2 E
% EH, DOWR MIFE{E AT LEO P25 DRO PEFIM_E T4 OWR Wilif, i&#

LRy BRI AH A 15 3 .

BEJE, EFxt(22) VA LATRE . OBATHD) IR RS 2ZHI I, A0/ id H 2k
RSy (L
3.3 NITRHtE

76 iR DOWR MEIUAE A, 0 E5 s O RIS 2] 7y DA K b A7 U0 BeF 1] 1] B
dT CF1. HAWBRZIG0 ¢, to Mty fEAE % B HUSFE P AR, AUl IS e T RHEAR T F 3R
5.

TATE T4 AT LU BA R A Bh A AR

Aty = pgy (Atsy')
_ 7160 (t4) — Taro(ta — Atzs?)|| + ARay (23)
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Aty WHMERTERN 0. R Aty f5, ATIEEL FRIHE t5 i ts:

t3 - t4 - At34 (24)
ty =t3 —dT

bJE, AT LN A S g USRS AT S S OtITIY

Aty = pig (ta, Aty,)
_ lraro(t2) = rieo(ta — Atly)|| + ARy (25)

C

Aty FIHMERIFERTABRE N 0. EAERRZE, P EHELREFHAE BCRS T

S—

1T

3.4 IDEMELE

TEMEQESWH Ty, —iBor 2 AR B E A RN SRz, WEoNE s %=,
T8, W OB EE R AT R T J15R AT SR XT R RN, 186 R TR R 5 Ak
PREF I ZE S, NIRAEST IR 2. HABE TR ZEN TN, — s SEUE S R/
W 2 e S A e, 3T BB RS SR AR M FEAE KN s S — T, S X RAT I
AR TR B TR R . B R R DR DL B E BRI R SR 5,
AFEFOREERAFRME TR ZESAARPRIG AT K. Fi, 798N
PR EAEIEHAT VAT .
3.4.1 YyEphE

H(21)20f1(22)20, BEWH 20 DOWR MIE 15200 AT F I35 N :

{AtBQ — Ath = apy * (tg — t3> + aga - (tg — tg) . <t2 + t3 — 2tB0) (26)

Atps — Ata; = apq - (t4 — tl) + apas - (t4 — tl) . (t4 + 1t — 2tA0)

ELEO-#1 HDROZFA\DOWRM M, b FATIS ] [R] K% AT )3 £ 2 [R] I 52 210 &
Pl I BRIt S E S ) AR M S 2 A R R

AR EEIGEN B 53 )R S, AN e T R A BR o onf T AR
EME, HATESE T Cnfneh, S8 sBilRERMMEREE DR T 1 x 1077
(L1200 24 P ATl v 360 3 T 00 2 B D B AT b P s o S5 M o 7 58 BRORM
JG, EHETERREATLGE A FEAERT A (AT < 20 sec) WIS AMIMIEERRZMRT 1 cm, SFHLA =
[F) 8 P K 20 P 20 0 8K 2 () SR T 2O AN T o SR T, Dy R IR e s A 4 e 0
P, AR S0 ok TR MR A R AR R #E, DLE SOGES) 15 LR
8
3.4.2  TRJFN 5 AAKRIN 2 57

EtXf LEO-# HDRO DA%\, T LEO P& 5 DRO PRI J1# sz
SR, R BRI TR BT 5 S

YT LEO A, R¥EE R RS2 (International Astronomical Union, IAU)
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B, FUR F R 5 ASKRES TDB A0 7 T kMR DA T I 4 2122

oo — TAL <% 7T BTG

1(C) (27)
TDB {24 TCB

IR ) Z TR B 45 RN -
(A) TT = TAI + 32.184 s

® (frea) =1~ Lo

B#£E

(C) TCB-TCG =% (;ﬁl + > UB> dTCG + % (vg - X) + O(c™)

(D) (4528) ~ 1 - Ly

Hrr, TAT ZEFRJE 7B (International Atomic Time); TT x&HiERE (Terres-
trial Time); TCG fHUC PRI (Geocentric Coordinate Time); TCB & 510 AL br i)
(Barycentric Coordinate Time); (...) fARKHE]F; Lo = 6.969290134E-10 & TT
1 TCG ZIA M FEE R R Ly = 1.550519768E-8 /& TDB 5 TCB ZIa]{#-F
HARZFH: v NHMIRAFEEE, Ug A& KHRRAE (REkI) 7EHLC AL 5] )
#. W TDB-TT MR SFAA NP

1 (1
TDB — TT =TDB, — Lo(TT — Tp) + 2/ (21)% +y UB> dt+
I BAE (28)

1
CfZ(VE . XTT) + 0(0_4)

Hof, Lo = 1— (9588 & TCB Ml TCG Z [l ¥ FH)id 2% 7 5 4, AL 1.48082686741E —
8; T, = 2443144.5003725; TDB, = —65.5us; Xpr & LEO PR T TT i
ZIAEXT TG E . TR, TAU EHKAE SOFA (the Standards of
Fundamental Astronomy Service) 3, 4L T RN iR, HFEA AR,

1
TDB — TT = TDB, + P(TT) — P(Tp) + C—Q(vE Xor) +O0(c) (29)

HHT SOFA H, ZENTARAS T 787 v &% AW T Hifg (7821) . H|E
(7090) FIAEEE (7105) B T EBOEMEE (Satellite Laser Ranging, SLR) 353847
TR SRR, SRER, SRR SR 8K %=
ST 5ns, WHE 5N,
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A(tdb-T) / ns

— 7821 |
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& 5 7821¥k. 70903 FI7105%i20124F3 H 1 H £ 201343 H 1 H R BUBAT IR 25 5 5HUH A4 45 B xF b

Fig.5 Comparison of analytical solutions and numerical integration solutions for 7821, 7090, and 7105
from March 1st, 2012, to March 1 st, 2013

7 LEO PEME LFEF CEIESE GNSS I E (GNSS Time, GNSST), NHE I

JE I 55 A BRI (4 4 X 75 76 (28) Bl (29) A BL Al B8N GNSST 5 TT (1 [a) 2 St fh
ZERI

TDB — GNSST = TDB — TT + [TT — GNSST] (30)

St TR SR TR s AE R A8 IE R E4T 7 GNSS UGS EIER LEO L&, N
T EAE(30) N2 AE L, AN GNSS ThSGHHXHSMEIEDL, PAGRIE 2R B 5 GNSS
R ) 2 ] 251240, B

TDB — 7, = TDB — GNSST + — (X - Xrr) (31)

YT ARBATHEMEIER) LEO BB, nPHE EREEAER . LEO £ 5K
5 TDB 2 [m {5, 7 ERgs (27) s (M e 46 . RIJoks 2 LR #6#E TT,
PRI (28)3085(29) 20K TT ##:% TDB. #R#E GCRS E#M, LEO 2 LRI 5 TT #%
ok RN,

TT

TT — 7o = (TTo — 7ieo (TTo)) + /
TT,

1
L <UE + Utia + 12> - LG] de (32)

Hrp, Ug #hER5| 1A LEO PRSI ENE; Usg 2 HAEREFEBTE 5 veo
A LEO PER4P7E GCRS FRIZaNHEE

T B 258 DRO DA, AR HE LRGN a0 a] @i 40 R i e 4% i
W%, LU FEBTS TDB .

7o — TCB <24 TDB (33)

RIEBCRSEM, Taw 5 TDB 2 ] (R ]34 5 2 91261,

TDB
1 1
TDB — Tdro — (TDBO — Tdro (TDBO)) + / |:02 (Utotal + 2U§ro(t)) - LB:| dt (34)
TDBg
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HP, Uporm NEKIH R RAEIE DRO TEM BT 1% vawo(t)y DRO TR
£ BCRS FHIZZEE. 454(22):0, TEFER 5APRE 2 55 DOWR. WLME
RAMA AT R IR A -

t 2

3 Utotal 1o (t)
Stps — Oty = /t [02 +5 s~ Iejdt (35)
dtar — 6tas = (TDB - TT),, — (TDB - TT),, (36)

ATLAER], (35):NEZH DRO HUBLLK t3 —to €. NITTESHT(35) 2N &=L,
ASCEEXTRTIA 4 NANFEAW Gy 3.5 Ry 6 Ky 9 KA1 12 K) 1 DRO #uiE, X}
AT T B 3 MARISNTTE, diRmE 6N,

B 6T, BEE ts — t, MIRKIE K, B5)RMELBIN < 1ns BHIEINE <
20ns. ZEHXT DOWR i 5 A0 ZAR, I 20/ E WEIIME - S B A TAE I

[—DRO-0 ——DRO-1 —DRO-2 DRO-3|

t;-t, = 1 sec

0 o
e T

T
t3-t, = 5 sec

ot A
#ﬂ&h‘é‘u}ﬁﬁy’ﬁﬁ\%. ") ™

ty-t, = 10 sec

s A0 NPy
g W

A(tdb-7) / ns
=

t3-t, = 20 sec
0 iy, YA AR
d %mwf’%mwww'mew
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Fig.6 General relativistic clock correction for Earth-Moon DRO orbits with different orbital periods over
a 90-day period from January 1, 2020, to April 1, 2020

ZEFHET LEO L REBHEH GNSS UL, LB TLERES5 GNSS B [ 15
FEFERF IR [ 2E, 40 iimR728], i (36) 20 LA & A S s 82 9 29648 (31) 20 LEO P
BT SRS 1 B o o5 I 03 A T -5

K 7R T AR LEO P2 (Sentinel-1A. Sentinel-3BFISWARM-B) i (36) it
TR AT RS R, BB 7l %, LEO TLEM SUHAHE I £ MUETX DOWR 15
Mtk DRO TEMENEE. FEAE ¢, — ¢ FANIER, ZIUEE WA 5ns ZHH N2
60 ns, [FIH AR L ZTE IIME R RHZIUHAT B 1E .
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Fig.7 General relativistic clock correction for LEO satellites over a 90-day period from January 1, 2020,
to April 1, 2020

3.4.3  _ENAT AL [ A] fE X DOWR R

H1(22)30, B RATWLI R (] E RS AT g 7 2B 20 DOWR WLINE FI 20 240,
Xy B afE B g, [N, dT PAERRAR R ZE S DR A B R A RA
fiss,  BETTRGAT I TH SIS AN R 5 o

NTFAESI T, TR AT WL (8] (B RS AT ATt —22 5 0.

dT:Tg—TQ

(37)
= t3 — t2 + (5th — 675]33 + apy - (tg — tg)

H(37)5, dT [FEREE S AR 10 B0 22 OB T DA S e b 22 e B T, JHrp, dT BT
W 22 UE TR (35) sUIEATAB IE ;s AT F4 B A 22 40 0 I DU i T2 2 A s ()45 TE K
¥, #H%E LEO LEMMMIRIZITEEZ 7.2km - s~1, DRO AR ERIZ T3 E
27 1.5km -s7, WIFESE3 AT IR T, BB EEALER SRR [A] (dT < 20sec)
M5 A LEO-DRO A BiRZMR T 2 x 10 mm, /M DOWR Ml &R %, K
B, AT M43 eh 22 oIk T n] ZE AN T

3.5 AT EfXF[NETE
TEM A 2 EH, R SEE s fE b &2 B 2 MEH J1rsem . FLAE AL bR R
NE BT RERT L LR R 5 R A

it = frg + fxg + fxs + frp + fr, + fsr + fog + fru (38)
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Hrr, vy F ME RRMUREFCORIALE . AR R g & AR EAE
715 fxprt N ARG5S fas RO REAERRIE S J1883h; frp /&0 RAAEI% 530
fro, SEARRT IR IR AIB BRI fop ARG foo AEHEREE R TRHIR
S AT, TR A BRIIMUR AR, 1ZTUN0; fry 2 AFHAERUR S LR H AR 71,
XTLEOEA, (38)x\7£ GCRS H#fiik: »T#id DRO LA, (38)x\7EHBRARIRAAR
% (Lunar Celestial Reference System, LCRS) H#iif. Hi. H/m#HHRYE BCRS ZIHH
s WOCHR[29] 45 114-135 17 .

4 X =(r,t,p)", Hh p RINIFSERE. WHUR S IR 7 BRI AR T
H5A:

(39)

X = F(X,t)
X (to) - X()

HHRR ZIRIESH X O, WATIE X (38) kTR 7, SEMERE Z) ¢ /Y
TEPIESHEME X (t). X (39) BATLMEETT, 7I45:

OF

X=X+ —— |x-
+8X‘X (

X — X*) (40)
A A=5E|x., x=X-X*, M(40)XF5H:

HAg 08
X = ‘I’(t, to)XQ (42)

Hr, W(tto) WIREHBHRE: xo = x(ty) N Xo MIBUERE. £ t BZIE LM
JiRE:
y=Hx+e¢ (43)

Horr, e OWINERS, H e 07 205 28 D. 5 2R X, M58 ZN Dy,
gha (42) XM (43) X, RPEmD AU, T xo BETREAETE .

Nx(ty), = $THTP -y — Dx'x(%),_,
N = (¢TH"PHY + Dy') (44)
P = (02D) "

of b AT SR A B R 45 38 et J 1 U A
X, = X + %o (45)
W T EN FIRS R TIRACR A, DR R R
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3.6 LEO-iADRO%MEEXEMAITH

MR SCHR[30), A S 2, R 7S (8] ok AR EE B ] I0 B ST R 28 9w
PABI H S X 5k =5 (8] 5 3 1 B e R e8],

SCHR[31 R H, I H H 2 8] R EE 737 v B AN R X3k R e R 4 s 7 A e
=, A LSRR 2w A B = 200, BERICA LiAISON  (Linked Autonomous Inter-
planetary Satellite Orbit Navigation) H =M. i H 25 815 I35 A X FRI
FREE, SCHR[BUME FHAEXIFREE o SRFRAEH H = AR 5] T3z dEx Fr ki am 55, ROTR 2852 2
(R = A 5] I B R /N5 B A T B K /s 2 A B A

o (I‘, v, Z) _ |:i3rd (.’L’, Y, Z)| (46)

; |ai ($7y; Z)|

Hrr, a;(z,y,2) RESFHE | 8 (2,y,2) BIIEEE, i=1..n . azg.q(z,y,2) N
ARG TR . fEHLH A, BRI E (2,y, 2) SELHEK, BRG] J1ETH
B3l 1, ABRSI RN =4 MR AL E ST HEK, HIks| DA =1k, Kl 8ER
M A DX R PR

0.4 T T o
—— DRO-0 3
—— DRO-1
g 02r — DRO-2 0.4
} p-3
N —— DRO-3 e 2
g 0.0 Y @ Earth & g
H ® Moon o]
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Fig.8 Strength of the asymmetry in cislunar space

o1 8TT 1, AHBERZE T ER, AR REE 251 5 BRI AR o B AR SCHIE 7
LEO-# I DRO #iBh, 2 25 & DI B AR AR EEHEAT 1 A 45

%2 LEO#Mitt HDROFMA XA ESTFRE
Table 2 Strength of the asymmetry in LEO and Earth-Moon DRO regions

Orbit type Orbital period Strength of the asymmetry

LEO 1.68 h 5.47e-06 %
DRO-0 3.5d 16.4 %
DRO-1 6.0d 341 %
DRO-2 9.0d 49.3 %
DRO-3 12.0d 38.8%

MR 2T BLE 2, BAR LEO HUEMARX MR EIEIL T 0, (B 5 H A g B
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DRO #iE AA BRI AR R . ARG SCHR[31]42 ) LIAISON H X FMi#E, LEO-
i ADRO Fi AR St B 3= SR 2 AF

4 HEEHIZT

A B RG] OFT R IR AR AT o BISGE T3 J1 22 BUE R 43 A i DRO K%
B, dtimAER OWR WIME; B E s A E ) LR AT 00 ] 1] B, X5 OWR Wil
EATHE, 153 DOWR WMME; 285 R ZMNEXT LEO-# HDRO %% Pb\i#t4T
FEEY; BJEX e RIAT T .

Simulation for OWR
observations

I

Generating DOWR
observations

I

Autonomous orbit
determination for LEO-DRO
constellation

I

Accuracy analyze of orbit
determination

K9 LEO-#: H DRO%iB\ H L EH Fif e

Fig.9 LEO-Earth-Moon DRO constellation autonomous orbit determination simulation process

4.1 EBEEMBERE

AR SCAFE BT R & S # Sentinel-1A (J5 X f## SE1A). Sentinel-3B  (J 3CRIFK
SE3B) il SWARM-B (J5 X fai#k SWMB) =i P24 LEO T & 4 BAHEAT 17 B 5k
5. LEO TR 4w P\ Hh 2 (8] H (1) 40 A 15l an 10w

DRO FENAEAATIA 4 NAFPUEE R DRO #hiE. 3R 3F13%K 4878 7 2020 4
1H2HOK 02 0% (UTC) BZ|, % DRO DA LCRS FHIHIEWIHE.

SENTINEL-3B

K 10 LEOIE#iEs4i Kl

Fig.10 LEO satellites orbit distribution
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*3 BWADROMBMEVME (BL: km)
Table 3 Initial position of Earth-Moon DRO satellites(unit: km)

Satellite X Y Z

DRO-0 -18900.960 -1.720 1875.502
DRO-1 -29768.918 -2.708 2953.906
DRO-2 -40716.531 -3.705 4040.215
DRO-3 -49223.375 -4.479 4884.331

*4 BWADROMIEBREME (BIL: km-s™')
Table 4 Initial velocity of Earth-Moon DRO satellites(unit: km-s™')

Satellite Vx Vy Vz

DRO-0 0.0178280 0.4575956 0.1895429
DRO-1 0.0143245 0.3721242 0.1541565
DRO-2 0.0125884 0.3297702 0.1366215
DRO-3 0.0118551 0.3118817 0.1292154

4.2 FMEHEKE
EOW RN IAE A7 5 A A FH AR R AT T F SR SRS 3R 5T o

x5 WNERETHSHRE

Table 5 Settings in observation simulation

Ttems Models & Description

Earth orientation parameters EOP IERS Bulletin A

Lunar orientation parameters DE44082

LEO reference orbit Precise orbit provided by TU Graz[*®!

Spacecraft clocks Consider the general relativity corrections only

Gravity model DRO: GRGM900C(100x100)34

N body DE4401?]

General relativity IERS 2010 Conventions

Solar radiation pressure Cannon-ball model

Empirical accelerations Consider the parameters of Ca, Sa, Cc and Sc for the along-

and cross-track directions (cosine/sine)

Integrator KSGBoI
Integral step 60 sec
Antenna half-cone angle 30 degree
Sampling for observation 120 sec
Random Noise OWR: 1 m
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RSEIGE « ERE B EIME 1 B, AR S B A Technische Universitit Graz
(TU Graz) 2T B % GNSS F% € #4532 E KL s 12 IE/E R LEO P EHIE
HAEH, HEESS5WIHET . HBER|E M H 2= BT R 8 18 YUk BN K2, Rtk
T FH B K RS 2 BT = e A DR LB A 2 5 T e 25 1) S K BE 7K

EfiEF, LEO PEAM DRO PR KRR NEHEATR MR, HRLHAL
FOETEROES. LEO REXKMHRITER, HARLikMAEERN 30 &; DRO K
LRORAARNMERLER, LR Pk M ReE m M. 24 LEO-# HDRO REH KLk
F A I ARSI B N B, D BE K AT

T LEO P EMEEEM, SAERePIlBREdK. 44 LEO-# HDRO
PIRTARAE O, ATk 6 MMERINEL, BN EPINBAL T — 8 LEO LE S5 & n 4k,
FAAAE LEO PAEMRFWM, 2 DRO EARE /0N . K 11ER TS E
HEREL T, LEO LAX) 4 il DRO T2 iR RIS ] 43 A5 PL S A SC I 2 BB Rl 45
Hl. R 6ER T H BB G REMH (Day Of Year, DOY)A K Z 5/ LEO LA
THHL.

RAAE BN ATIE AR dT S E Eefg B E, EHE54 K DOWR
WA RS, ASCEE T AFEE dT (350 secs 5 secs 10 sec F120 sec), PABEATXTEL 4y
o

% FE 3 B AT FE A TR 88 I A K 6 361, A iy R L T ) B U ) e
FON 1me RFERREN 120 seco

ARC-1 ARC-2 ARC-3 ARC-4  ARC-5 ARC-6

Time (DOY)

F 11 SLEOTAXHADRO AW &

Fig.11 Visibility analyze between Earth-Moon DRO Satellites and LEO satellites
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+ 6 BEHIMERIERAZ
Table 6 Table of start and end Times for each POD arcs

Arc LEO Start DOY End DOY

1 SEIA 002.0 006.0
2 SE3B 006.0 011.0
3 SWMB 011.0 016.0
4 SE1A 016.0 020.0
5 SE3B 020.0 024.0
6 SWMB 024.0 028.0

4.3 BEEMERE

IR 6, AFEENINELEH TARL LEO BAEMTAEEH, Fit& LEO P
BB 7545 BAME LASC IS (8] b sk, BRI EE GNSS HARMZMA, fEX
AIRBGEAT B EEnr, HH LEO TAEMEH GNSS Wl%dE L & GNSS | #& 2 )7
AT S, MM LEO BPEMBUEYIE. f£H FEHME, UEH DOWR W
TME.

BT DRO P E#HUEAMRK CRTFEHINK), FHEFEGRENSERE, b
HT T =M kB G B LA e S, AYERr a1 BEEst:, B2
R E 2 MBI R, 5 DRO DEREYRE.

BN SIS E T, HREBSEhr TRAES T, H R H BRI 2 3R E A Bk
P EME R, UL DE430 5 DE440 N6, W& HEFTEMH B R 23 N K2 KEET, %
=R CATI T B s, IO R T RERF A LR SEPR, ASEH JPL DE43088)
BT DI H BRE PR ZE N 3 E PR . HERIEERAZ 5] 1R EIGEN_GL04C #i
RIBIL, AR A 120 x 120 Fr. AERAEBRIEE /135K GRGMOI00C #AIB4, #ili %= 50
x 50 Bfro FHAhZ) )2 DL K S U T SRS S TR 7.

5 TEHERDH
5.1 DROIE5SLEOIEEHERSR

Bl 12 ~ 158/~ T % DRO BEAFE E AT RS T 0 F @ P E. ME
R, RS RE ABRE IR ZE G, AFE AT W 8] B S DOWRMLIIAE 1) &
HUPEREA Y, MIRESEEUL T 50 KM B HUREE

#8411t 124 dT=5sec i}, % DRO PR (Radial, R). V)M (Tangential,
T) F1yklA (Normal, N) HIHUIEREE .

M 8T %, 24 dT=5sec if, Fifi DRO PLEKEPISEMRT 50 K, JoHHIEE
WIEEN DRO-0, HE#uEm T 20 K. [HE, Bi%E DRO ST FMHEK, ik
YRS S AWK, HArA DRO PAEAMPUERZE ZZEEFFHIE N Fin. —JH,
XE5EPIKREA K. AGERF eI /N DRO-1. DRO-2 1 DRO-3 T2
UG, SECT HOE PO B RE RS BT PR, AR EE N R ZE
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BE . FRENIREMER GEO B2 E T thfEER],

F—J71H, X2 LEO-#i ADRO WM LA 0. 1T DRO EAEHEN T
HIBMH A, [FF LEO-#HDRO ML W JLT-5 FE AT, 15 00 00E X 0 AR
AU, w3k 8% DRO-0 &, \EAEHIK KT %P ENPERE, Hh TN
JURHIRI, e N FHAPLEIRZE (£ 810 m-20 m) FEL R 5 T J7 [ H0E %
Z CRGHEHZBW KRG HRHEE,

RFE—L A MLEOE LR, R IE/R TAR AT BUE T, % LEO TLAEfE RTN
=AHRIEREE . NEIFAILIES, LEO LEYUERZE EEHA THIE T K,
X5 E AT RS ) R B FRS R A R fERUIE N T ks E s, R
b

MHEDROIE, LEOL B/EAMER TR, HAHEmNHES 1AW, [FE
HExEPd, LEOLEWMH 1 #HET e g R = ZERRRAR, W
HLEO T2 1 PR B R oKk g, Wil 16FR .
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Table 7 Settings in autonomous orbit determination
Ttems Models & Description

Measurement Model

LEO satellite attitude

Outlier observation process

Parameter estimation

Nominal attitudel*0?]

3 o criterion

Batch least-squares estimation

Dynamic Model

Earth orientation parameters

Lunar orientation parameters

Gravity model

N body

Solid earth tide

Ocean tide

Pole tides

General relativity

Solar radiation pressure
Atmospheric drag

Empirical accelerations

Integrator

Integral step

EOP IERS Bulletin A
DE43038!

LEO: EIGEN_GL04C (120x120)*°/ DRO:

(50x50)[34

DE430%%!

IERS 2010 Conventions
FES2004*%]

IERS 2010 Conventions
IERS 2010 Conventions
Cannon-ball model

NRLMSIS-00144

GRGM900C

Consider the parameters of Ca, Sa, Cc and Sc for the along-

and cross-track directions (cosine/sine)
KSGP!
LEO: 15 sec; DRO: 60 sec

Solved Parameters
Orbit parameters

Solar radiation factor
Atmospheric drag factor

Empirical accelerations

Position and velocity at initial epoch for all spacecrafts

LEO: 1 factor for each arc DRO: 1 factor for each arc

LEO: 1 factor for every 24 hours

LEO: 1 factor for every 24 hours DRO: 1 factor for each arc

Parameters Prior Information

Orbit parameters

Solar radiation factor
Atmospheric drag factor

Empirical accelerations

LEO: Calculated by spaceborne GNSS data and GNSS
broadcast ephemeris DRO: Integrated from last POD arc

Init value: 2; Standard deviation: 2

Init value: 2; Standard deviation: 2

Init value: 0 m - s~2; Standard deviation: le-8 m - s~

2
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Fig.12 Autonomous

Arcl Arc2 Arc3 Arc4 Arc5 Arcb6
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orbit determination accuracy of DRO-0 under different uplink-downlink observation

3D-RMS/m

intervals
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Fig.13 Autonomous orbit determination accuracy of DRO-1 under different uplink-downlink observation
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intervals
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Fig. 14 Autonomous orbit determination accuracy of DRO-2 under different uplink-downlink observation

intervals
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Fig. 15 Autonomous orbit determination accuracy of DRO-3 under different uplink-downlink observation

intervals

=8 dT =5sec Af, EDROTDEAERTNS R NHWEHIEE (BN m)

Table 8 Autonomous orbit determination accuracy of all DROs in RTN-directions
when dT = 5 sec (Unit: m)

DRO-0 DRO-1 DRO-2 DRO-3
ARC
AR AT AN 3D AR AT AN 3D AR AT AN 3D AR AT AN 3D
1 0.33 0.57 10.20 10.22 0.48 0.81 24.76 24.78 1.19 3.29 8.23 8.94 34.57 27.82 22.36 49.69
2 0.32 0.70 11.02 11.05 0.43 0.87 3.83 3.95 4.80 1.55 45.69 45.97 3.47 10.69 15.06 18.79
3 0.64 1.38 17.50 17.57 0.23 0.27 14.23 14.23 0.92 1.10 42.36 42.38 10.94 13.59 42.71 46.14
4 1.09 0.95 21.12 21.17 0.71 0.49 27.20 27.21 4.98 3.16 24.08 24.79 8.20 4.78 21.07 23.10
5 0.17 0.34 14.82 14.82 1.18 0.83 20.70 20.75 0.89 0.99 21.63 21.67 3.31 3.47 24.15 24.63
6 0.32 0.81 10.87 10.90 2.18 1.48 16.41 16.62 4.24 8.67 15.14 17.95 10.17 12.24 28.98 33.06
10 T T T : :
0 sec B 5 sec N 10 sec w20 sec
8t ]
S
5 6f = -
=
A 4r 1
o
2t ]
0

Arcl Arc2 Arc3 Arc4 Arc5 Arc6

K16  LEOTELEAR L A7 MR ) ()R i) Bk

Fig. 16 Autonomous orbit determination accuracy for all LEO satellites under different uplink-downlink

observation intervals

5.2 _ETATHUMETE)E) R B 2200
ETTRERI AT VR T R B KRR A B /NRFAE B 2 BB BESRAEAN TH R G AT
WLPEDS], R A S i T R IR S AR A R S, T LA SR AR RO AT A A, BRI —
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x99 EARLTTVNEEERT, ZIMERLEOREZARTNAEHENEE (B m)

Table 9 Autonomous orbit determination accuracy of LEO Satellites in

RTN-directions under different uplink-downlink observation intervals (Unit: m)

Radial Tangential Normal
ARC

0Osec H5sec 10sec 20sec 0Osec Hsec 10sec 20sec 0sec 5sec 10 sec 20 sec

ju—y

0.89 0.58 0.38 0.52 2.17  1.32 1.05 1.14 0.5 0.2 0.54 0.83

2 1.5 2.62 1.15 226 3.55 6.44 3.11 5.39 0.35 0.51 0.42 0.62

3 0.19 0.54 0.53 0.29 0.83 1.98 1.96 1.54 0.43 0.46 0.62 0.57

4 0.44 0.63 0.39 0.38 1.44 1.78 0.96 1.41 0.82 0.95 0.96 0.55

5 2.04 243 0.91 1.5 4.76  5.77  2.22 3.75 0.69 0.85 0.47 0.3

6 227 191 1.84 2.47 5.39 4.65 4.5 5.91 0.38 0.33 0.43 0.48
(&S UUNE

Cond — min(Cond)
max(Cond) — min(Cond)

Hrp, Cond A%MEG Condnorm N FEAME B 177S 1T ANE LR AT WL ]
ARG AT NEIZAEEL H— SRR B LEO T2 & 9B~ 1 & HURS

ML 17T, BB E B R AT LN RIS AT TSRS — 2, HEEE
dT HIEK, H— MR L TR T @S, W RGFWIEREE dT KK
L

Cond,opm =

(47)

—e— Arcl —e— Arc 3 —e— Arc5 —e— Arc 6
Arc 2 —e— Arc4

4168 , , ,
_g o < L 2 @
g2 E= $ —— —3
0
T 1.0f
S
£ 0.5
2 0.0k . . ]
0 sec 5 sec 10 sec 20 sec

dT

17 FEPINB AR A — 2 BN R R AT LI (o) T] B8 LEO T2 /T 2 fks 2

Fig.17 Normalized condition numbers for each orbite determination arc and average autonomous orbit

determination accuracy of LEO satellites at different uplink-downlink observation intervals

DOWR. X} 5 Ui J IR 1 SRR B 3G & 7= AR iz I S AR AR R (K. P 18 A,
LEO PET n WHzlk¥MES, DRO LET ~ WZIEI:; DRO PEZL dT KT
73 = 1o +dT BZIKES, LEO BET 7, B2, % dT ¥in’h 4T, W DRO
:EEHL 7'3/ HTJ‘ZIJEE;‘H%%, LEO :Elﬂaiﬂ: 7'4/ HHLZ'J%W@JO EEI%L 7'4/ —T1 > T4 — T1> E_
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75 — Ty > T3 — 19, KL AT F LEO / DRO [ “RE-H003E4E” MItL AT FHE K.
BB KA R AT RIS E] (TS R i DOWR &4 T £ LEO / DRO H#HLEZLE R,
uRIE S RPN EZ NI AR IR

18 ANJF]_ETFAT R 18] (] k% 5 B LEO / DRO K- #6551 2L B AR Ak

Fig. 18 Transmission and reception position changes of LEO/DRO satellite caused by different

uplink-downlink observation intervals

WEFE AR, EHATEA T, AR AT 0 ] (8] B X LEO-Hh
HDRO ZwbA H F @ Pk T oTsk AR, FEERA T, EPREN LT
A7 L B ) (R B R, X MR LA 3R A PR, 5 B Bl g 75 DA K2 DRO #UiE J
MR KA A R RS . (HEXT AWM ARG AERE T B ER, =27 70
RN ST Bl 12~167 51, A dT=0 sec, i&2& dT=20 sec, LEO 1
A DRO PEAENFTE N EHIEEMY. XU LEO-# HDRO 4wbA H + &
ARG, EORIEMNER AT T, a2 R R A7 W0 W0 B 6] 8] B 4 4
TN} R A SR sttt H 23 [ AH SR S 3R M RGUTLRERA —EMSHEE X

6 ZEip

TERN NIRRT IR, #2365 #7522 & B O . B 70 5 T 2 [A) B 2% 1)
HZ RS 3 2, AR E AR L H 258 PNT Flk A EEE L.

AL TS T LEO-Hu HDRO % AT A [H) L N ATHS (] [E] & DOWR WINA{E H
FSFHAIERITEMA LA, B3 DRO HUEH R 7%, BCRS T DOWR Ml{E
WAL H TR B IEAH B HPRSEE E SRR FERTHEHRMZME
WK DRO #UIEHEAT TR EIAE M. (FESEREY, E5EAREikiREE, 1§
R 2 2 R0 & 2 R AT M (] TE] B& i) DOWR SR, R8BI F 50 KW
LEO-#i HDRO HFEwE#HIEE, HixKE A DRO FUEE R KINE T EEH.
[, 3 3G bR A7 UL [a) 8] 6% BE 52 = R B nT M, (HIE AR A R, R
X B BURE BE IR T ROCR A BT &, N A) B TR AT MBS R (] B8 N LEO-#: A DRO 4wPA H
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Analysis of Autonomous Orbit Determination for
LEO-Earth-Moon DRO constellation using
Time-Delayed Inter-satellite Ranging Observation

Luo Peng’?  Song Ye-Zhi'?  Hu Xiao-Gong'?  Chen Chang-Shao'2

(1 Shanghai Astronomical Observatory, CAS, Shanghai 200030)
(2 University of Chinese Academy of Sciences, Beijing 101408)

AsstracTt To address the demand for autonomy and high precision in cislunar space
navigation, this study focuses on a heterogeneous constellation composed of Low Earth
Orbit (LEO) satellites and Earth-Moon Distant Retrograde Orbit (DRO) satellites.
The theoretical method for differential correction of DRO orbits under the Circular
Restricted Three-Body Problem (CR3BP) is introduced. In the Barycentric Celestial
Reference System (BCRS), a combined observation model for Dual One-Way Ranging
(DOWR) is established, and the clock biases caused by light-time delay and general
relativistic effects are quantitatively analyzed. Based on numerical simulations, the
impact of different uplink-downlink observation intervals on the autonomous orbit de-
termination accuracy of the LEO-Earth-Moon DRO constellation is investigated under
non-instantaneous observation conditions. The simulation results show that: (1) In the
cislunar space environment, the ranging error in DOWR caused by general relativistic
effects reaches the order of 5-30 ns, which is an error term that must be corrected. (2)
Autonomous orbit determination for the LEO-Earth-Moon DRO constellation can be
achieved using only DOWR observations. Specifically, the three-dimensional position-
ing accuracy of LEO satellites is better than 10 m. For DRO satellites, the accuracy
is better than 50 m, with errors primarily concentrated in the orbital normal direction,
while radial and tangential accuracies can reach the meter level in some arc segments.
(3) Within the range of 0-20 seconds for uplink-downlink observation time intervals,
extending the interval can improve system observability. However, due to the short
duration of the interval, the improvement is limited, and the enhancement of overall
autonomous orbit determination accuracy is not significant. The accuracy of different
schemes is comparable. These results indicate that, subject to maintaining measure-
ment accuracy, the temporal constraints on uplink-downlink observation intervals for
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the LEO-Earth-Moon DRO constellation orbit determination system can be relaxed.
This relaxation contributes to enhanced system robustness and operational redundancy.
This study validates the feasibility of high-precision autonomous navigation for LEO-
Earth-Moon DRO heterogeneous constellation in cislunar space, providing a theoretical
basis and technical reference for the design of future cislunar navigation constellations.

Key words spacecraft: earth-moon distant retrograde orbit (DRO) satellite, space-
craft: low earth orbit (LEO) satellite, celestial mechanics: orbit determination, meth-
ods: inter-satellite link, methods: autonomous orbit determination
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